Background Single-fiber electromyography is the most sensitive neurophysiological test for the diagnosis of myasthenia gravis (MG), but its use is limited by the potential risk of transmission of infections. Jitter analysis with disposable concentric needle electrodes (CNEs) is therefore being investigated. This pilot study aimed to evaluate jitter analysis with CNEs for the diagnosis of MG. Methods Forty-two healthy Chinese volunteers and 44 MG patients were prospectively enrolled. MG patients were classified according to the Osserman classification, and acetylcholine receptor antibody titer was measured. Jitter analysis with CNEs in the extensor digitorum communis and repetitive nerve stimulation (RNS) testing were performed. Jitter was expressed as the mean consecutive difference (MCD), and 20 action potential pairs were analyzed in each subject. The mean MCD in each subject and the mean individual MCD of all action potential pairs were compared between groups.
M yasthenia gravis (MG) is an autoimmune disorder of the neuromuscular junction that is usually associated with antibodies to the postsynaptic acetylcholine receptor. MG typically causes fluctuating pronounced weakness limited to the voluntary muscles. Singlefiber electromyography (SFEMG) is the most sensitive technique for detecting abnormalities of neuromuscular transmission. SFEMG is much more sensitive than repetitive nerve stimulation (RNS), 1, 2 which was developed in the early 1960s. The single-fiber needle electrode (SFE) has a small recording surface (25 µm in diameter) that is exposed at a port on the side of the electrode (3 mm from the tip), which permits identification of a single muscle fiber action potential (SFAP), and enables measurement of jitter and fiber density. SFEs are expensive, and are often sterilized and reused many times. Reuse of SFEs has raised concerns regarding the risk of transmission of infections such as prion diseases, but an inexpensive disposable SFE is currently not available. 3, 4 Jitter analysis with disposable concentric needle electrodes (CNEs) is therefore being investigated. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The CNE has a larger recording surface than the SFE, resulting in more SFAPs being recorded. It is sometimes difficult to determine whether simple spikes recorded using a CNE are SFAPs or superimposed action potentials from two or more fibers, and these spikes are termed apparent SFAPs. 3 Cui et al 17, 18 reported normal SFEMG reference values in Chinese subjects and confirmed the value of SFEMG testing for the diagnosis of ocular MG in this population. The aim of the present study was to investigate whether jitter analysis with CNE can be used for the diagnosis of MG in the same population.
METHODS

Subjects
Forty-two healthy volunteers and 44 MG patients were enrolled in this study between January 2013 and April 2014. MG patients were recruited from the Neurological Department, First Affiliated Hospital, Zhejiang University School of Medicine. All MG patients had a confirmed diagnosis based on the clinical picture (fluctuating weakness), unequivocal clinical response to pyridostigmine, positive acetylcholine receptor antibody titer, or decrement of at least 10% on slow RNS. Patients with other neuromuscular disorders including Lambert-Eaton syndrome, congenital myasthenic syndromes, and toxic neuromuscular transmission disorders were excluded. The healthy volunteers were not taking any medications that might affect neuromuscular transmission, and had normal neurological examinations. This study was approved by the Ethics Committee of the First Affiliated Hospital, Zhejiang University School of Medicine. Informed consent was obtained from all subjects.
Neuroelectrophysiological examinations RNS testing
The accessory, axillary, facial, radial, and ulnar nerves were stimulated for 5 seconds by a train of stimuli with a duration of 0.10 ms at low frequency (3 Hz). Responses were recorded in the trapezius, deltoid, frontalis, extensor digitorum communis (EDC), and abductor digiti minimi muscles, respectively. The RNS result was considered abnormal when there was a ≥10% decrease in the fourth compound muscle action potential compared with the first compound muscle action potential.
Jitter analysis
Jitter recording and analysis were performed using a Nicolet Viking Select 4 electromyography system with built-in jitter software (NICOLET Co., USA). The filter setting ranged from 1 to 10 kHz. A CNE with a diameter of 0.30 mm and recording area of 0.03 mm 2 (CareFusion S53153, CareFusion Nicolet, USA) was used in all cases. Two or more time-locked signals from the same motor unit were recorded during minimal voluntary contraction of the EDC muscle ( Figure 1 ). Up to 3 needle insertions were performed, and recordings were obtained at a few different sites at various depths in the EDC muscle. Jitter values were calculated for 20 different signal pairs in each subject. The signals were judged for acceptability using the criteria described by Stalberg and Sanders. 3 A minimum of 50-100 consecutive traces were recorded for each jitter analysis, and the mean consecutive difference (MCD) and mean sorted difference (MSD) were calculated. If the MCD/MSD ratio was >1.25, the MSD was used instead of the MCD as the jitter value for voluntarily activated EDC using a CNE. Jitter was considered abnormal if the mean MCD was above the upper limit of normal, or if ≥10% of the individual MCD for the apparent SFAPs in each study were above the upper limit of normal for outliers. 19 
Statistical analysis
Statistical analyses were performed using IBM SPSS Statistics 19.0 (SPSS Inc., USA). Numerical variables are presented as mean ± SD. The upper limit of normal was set at the 95th percentile for non-Gaussian distributions, and at the mean plus 2 SD for Gaussian distributions. Values were compared between groups using the Mann-Whitney U test or chi-square test. The receiver operating characteristic (ROC) curve for the mean MCD was analyzed. A P value of <0.05 was considered statistically significant.
RESULTS
Subjects
Forty-four MG patients (22 women and 22 men, mean age (45.9±15.6) years, age range 16-71 years) and 42 healthy volunteers (22 women and 20 men, mean age (40.7±12.6) years, age range 18-65 years) were prospectively enrolled in this study. According to the Osserman classification, 20 31 patients (mean age (45.9±16.1) years, age range 16-71 years) were diagnosed with ocular myasthenia (type I), and 13 patients (mean age (46.1±15.0) years, age range 26-67 years) were diagnosed with generalized myasthenia (type IIa: seven cases, type IIb: six cases). The acetylcholine receptor antibody titer was tested in 32 patients, and was positive in 17 patients. All subjects underwent quantitative jitter analysis with CNEs in voluntarily activated EDC muscles. All the MG patients had previously undergone RNS testing. Cholinesterase inhibitors were withheld for 24 hours before testing.
Jitter values in the EDC muscle
Jitter values in MG patients and healthy volunteers were shown in Table 1 . Twenty signal pairs were obtained for each subject. In healthy volunteers, the mean individual MCD in all 840 individual recordings was (22.8±7.5) µs (range 8-54 µs). In MG patients, the mean individual MCD in all 880 individual recordings was (42.2±26.0) µs (range 9-150 µs). This was a significant difference between MG patients and healthy volunteers (P<0.01).
The mean MCD was significantly higher in MG patients ((42.3±20.0) µs, range 19-89 µs) than in healthy volunteers ((23.0±3.1) µs, range 17-32 µs) (P<0.01). The area under the ROC curve for the mean MCD of MG patients and healthy volunteers combined was 0.85 (95% confidence interval 0.762-0.932, P<0.01) (Figure 2 ).
Jitter values in ocular MG patients and generalized MG patients were shown in Table 2 . In ocular MG Jitter values in MG patients with abnormal and normal RNS results were shown in Table 2 and 
DISCUSSION
Jitter measurement with an SFE is the most sensitive electrophysiological test for diagnosing disorders of neuromuscular transmission. However, reuse of SFEs has raised concerns regarding transmission of infections such as prion diseases, and measurement of jitter using disposable CNEs is therefore being investigated. As CNEs have a larger recording area than SFEs, they cannot be used to measure SFAPs or fiber density. Farrugia et al 10 performed jitter analysis in the EDC and orbicularis oculi muscles of 24 MG patients, and found no differences in the mean values obtained using SFEs and CNEs, suggesting that CNEs can be used instead of SFEs to evaluate neuromuscular jitter, thereby avoiding potential transmission of infection.
In this study, the filter setting was 1-1 000 kHz and a small CNE with a recording surface of 0.03 mm 2 was used. The mean MCD and individual MCD were similar in this study to previously reported values, 7-9 which confirmed the repeatability of jitter analysis using CNEs. As expected, jitter values in the EDC muscle were significantly higher in MG patients than in healthy volunteers. Jitter values in the EDC muscle were also higher in generalized MG patients than in ocular MG patients. Higher jitter values were associated with more clinically severe MG. ROC curve analysis confirmed the value of the mean MCD for diagnosing MG. abnormal RNS results than in MG patients with normal RNS results, which maybe because jitter values reflect the severity of abnormal neuromuscular transmission.
In this study, jitter analysis with CNEs in the EDC muscle did not have a higher sensitivity for the diagnosis of MG than RNS testing. This maybe because the clinical and electrophysiological findings in MG patients vary according to the affected muscles. 21 The diagnostic sensitivity of electrophysiological tests is higher in symptomatic muscles. 15, 22 The aim of this pilot study was to evaluate the feasibility of jitter analysis with CNEs in MG patients. This study only recorded jitter values in the EDC muscles, and not in periocular muscles. In ocular MG patients, the diagnostic sensitivity of jitter analysis with CNEs is higher when the periocular muscles are tested. 1, 11, 16 In the present study, one ocular MG patient and one generalized MG patient had abnormal RNS results and normal jitter values in the EDC muscle, which was also described in an SFEMG study. 18 Jitter analysis with CNEs can complement RNS testing for the diagnosis of MG, but cannot be used as a substitute for RNS testing.
In conclusion, the results of this study confirmed the feasibility of jitter analysis with CNEs in the EDC muscle, and validated the usefulness of this technique for the diagnosis of MG. However, this study included only a small number of patients and tested only the EDC muscle.
The sensitivity and specificity of jitter analysis with CENs for the diagnosis of MG need further investigation.
